Receptor-initiated phospholipase C activation and generation of IP 3 and DAG are important common triggers for a diversity of signal transduction processes in many cell types. Contributing to this diversity is the existence and differential cellular and subcellular distribution of distinct phospholipase C isoforms with distinct regulatory properties. The recently identified PLCε enzyme is an isoform that is uniquely regulated by multiple upstream signals including ras-family GTP binding proteins as well as heterotrimeric G-proteins. In this review we will consider the well documented biochemical regulation of this isoform in the context of cell and whole animal physiology and in the context of other G protein-regulated PLC isoforms. These studies together reveal a surprisingly wide range of unexpected functions for PLCε in cellular signaling, physiology and disease.
1. Introduction
PLC overview
Receptor-stimulated hydrolysis of phosphatidylinositol 4,5 bisphosphate (PIP 2 ) to generate inositol 1,4,5 trisphosphate (IP 3 ) and diacylglycerol (DAG) is a fundamental signaling process in the biology of virtually all mammalian cells and in many lower eukaryotes. The proteins that catalyze this reaction are the phosphoinositidespecific phospholipase Cs (PLCs), which function at key control points for directing signaling responses to a variety of regulatory stimuli [26, 27, 59, 75] (Fig. 1) . The immediate consequences of this reaction are manifold and are initiated through two canonical signaling pathways downstream: regulation of Ca 2 + release into the cytoplasm from intracellular endoplasmic reticulum stores, and activation of protein kinase C (PKC) cascades. Additionally, PIP 2 is a signaling molecule in its own right, most notably as a stabilizer of ion channel activity, with PIP 2 depletion serving as a mechanism for the regulation of channel activity [30, 74, 76] . All of these processes have the potential to dramatically alter cellular physiology and contribute to cellular pathophysiology.
There are multiple PLC isoforms that are differentially localized and regulated, enabling them to participate in a variety of distinct physiological processes. This review will focus on emerging physiological and pathophysiological roles for one recently identified isoform of PLC, PLCε. PLCε is unique in relation to other phospholipase C isoforms in terms of its ability to be regulated by multiple signaling inputs from both Ras family GTPases and heterotrimeric G proteins. In addition, it contains a small GTPase nucleotide exchange factor domain that serves to function in activating Ras family GTPases. Thus, PLCε has the capacity to respond to, and integrate diverse cellular information as well as participate in more sustained signal generation. In this review, we will discuss how biochemically defined cellular signaling mechanisms both upstream and downstream of PLCε function to regulate specific physiological functions.
PLC isoforms and general regulatory properties
The family of phospholipase C enzymes includes 13 different isozymes grouped into 6 different classes based on sequence homology ( Fig. 1B and C) . All phospholipase C isoforms contain highly conserved X Fig. 1 . Phospholipase C isoforms. A) Reaction catalyzed by PI-PLC and overall structure. Structure of PLCβ2 (Protein Database ID: 2ZKM) taken from [29] and rendered with Molsoft ICM. The catalytic domain comprised the X and Y domains is in red, the Pleckstrin Homology (PH) domain is in blue, the EF hand domain is in yellow and the C2 domain is in purple. B) PLC isoforms with domains color coded as in panel A. C) Two splice variants of PLCε which include in addition to the aforementioned common domains, 2 ras association homology (RA) domains and a CDC25 homology guanine nucleotide exchange factor (GEF) domain.
and Y domains that fold to form the catalytic core of the enzyme, a phospholipid binding C2 domain, and an EF hand domain [21, 26, 27, 59, 75] (Fig. 1A , B and C). Outside of the core conserved regions, there is diversity in protein structure that reflects the range of mechanisms utilized for regulation of these enzymes, and that underlies the basis for classification of the different groups. There are 4 members of the β class, 2 members of the γ class and 3 members of the δ class. These groupings also correspond to functional classifications. Members of the PLCγ class are regulated by receptors that are coupled to tyrosine kinases [9, 51, 59] . Members of the PLCβ class are activated by G protein subunits [8, 69, 70, 79, 82] . PLCδ activation mechanisms are less well defined, but its unusual sensitivity to Ca 2+ puts it in a position to amplify Ca 2+ responses initiated by other PLC isoforms [58] or other mechanisms [80] . PLCζ, comprises a class of enzyme localized to sperm and it is involved in fertilization [77] . PLCη is a neuron-specific class whose function has yet to be defined, but it appears to be regulated by G protein βγ subunits [52, 91] .
2. PLCε structure and regulatory properties
PLCε discovery
The first identification of a PLCε homologue was in a yeast twohybrid screen of a Caenorhabditis elegans library with a C. elegans Ras homologue LET-60 as the bait [65] . This 210 kDa protein, PLC210, was shown to bind Ras and possess PLC activity. Subsequently, mammalian isoforms of PLC210 were independently identified and cloned by three groups using homology based screening of human and rat EST databases [43, 47, 71] . The PLC210 and PLCε clones were highly homologous, and contained Ras association (RA) homology domains and, surprisingly, a putative small GTPase nucleotide exchange factor domain (Fig. 1C) . Subsequently, two forms of PLCε were found to arise from alternative splicing at the amino terminus. These are designated as PLCε1a and PLCε1b, and they differ in size by 25 kDa [73] (Fig. 1C) . No functional differences between the two splice variants have as yet been identified.
Analysis of the PLCε mRNA content of various tissues/organs by either northern blot [43, 47] or reverse transcriptase PCR [73] suggests a relatively widespread distribution of both spliced transcripts, although there are some differences in splice variant distributions. Analysis by immunoblotting has proven to be more challenging even though relatively strong antibodies for PLCε detection have been developed [85] . In many tissues PLCε is not readily detectable by direct immunoblotting, but rather requires an immunoprecipitation step from tissue lysates to enrich the PLCε protein prior to immunoblotting ( [85, 90] , and unpublished observations). These observations have led to the suggestion that PLCε protein is present in low abundance in most tissues and cell types and at significantly lower levels than other PLC isoforms, although a systematic quantitative analysis supporting this idea is lacking.
PLC regulation in transfected cells
Since the initial demonstration that PLCε can be activated by Ras in transfected cells [43, 71] , it has become clear PLCε can be activated by a wide variety of protein partners (Table 1) . These include members of the Ras family such as Rap1, Rap2, TC21, Ral, Rho and Rac as well as the heterotrimeric G protein subunits Gα 12 , Gα 13 , and βγ [36, 44, 47, 63, 88] . Thus receptors that either directly or indirectly regulate these G proteins have the potential to regulate PLCε (Fig. 2) (Table 2 ). For example, G protein-coupled receptors (GPCRs) that bind lysophosphatidic acid (LPA), sphingosine-1-phosphate (S1P), and thrombin (PAR) activate recombinant PLCε heterologously expressed in COS-7 cells [24] , or endogenous PLCε in Rat1 fibroblasts [44] . Blocking Gα 12/13 , Gi, or Rho activation could inhibit activation of PLCε depending on the receptor being tested [24, 44] . Thus, individual G-protein coupled receptors appear to use distinct signaling pathways to activate PLCε.
Interestingly, in HEK293 cells, agonist stimulation of recombinant β2 adrenergic receptors activated PLCε in a cAMP, Epac (exchange protein directly activated by cAMP) and Rap GTPase-dependent manner [61] . Epac is a cAMP-regulated guanine nucleotide exchange factor that can activate Rap which in turn binds directly to PLCε, thereby stimulating the phospholipase. Growth factor-activated receptor tyrosine kinases were also shown to stimulate PLC activity in cell lines transfected with recombinant PLCε [71, 72] . These studies in various biochemical systems and cell lines laid the groundwork for further elucidating how PLCε participates in signal transduction pathways downstream of multiple GPCR and growth factor receptors. This information is critical to understanding how PLCε participates in distinct physiological and pathophysiological responses.
Mechanisms of activation of PLCε
Direct interactions of upstream regulators with PLCε can be divided into 2 general classes: those that interact directly with the phospholipase's second Ras association homology domain (RA2 domain) on PLCε, and those that bind elsewhere in the PLCε protein [44] . For example Ras and Rap bind directly to the RA2 domain while Rho, Ral and G 12/13 do not. The site on PLCε required for Rho-dependent activation is an insert in the catalytic domain unique to PLCε [63] . Thus, similar to other PLCs, different regions of the enzyme are involved in interactions with different upstream activators. It is not clear that regulators such as G 12/13 and Gβγ bind directly to PLCε. Indeed, Gα 12/13 activation of PLCε is not likely to be direct but rather appears to occur through p115 RhoGEF or other RhoGEFs catalyzing the activation of RhoA which in turn binds directly to PLCε to activate it [24] .
How direct binding of various G protein regulators to any PLC isoform leads to increased PLC activity remains unclear despite the emergence of new structural data for complexes of PLCβ with G-proteins [29, 49, 83] . One mechanism could involve translocation of cytosolic PLCs to the membrane where they would gain access to the PIP 2 substrate. Additionally, it has been proposed, based on structural information from PLCβ, that membrane association can remove an auto-inhibitory element, common to all PLC isoforms, from the PLC catalytic core and thereby lead to activation [27, 29] . In COS-7 cells, transfection with activated Ras or Rap causes translocation of GFP-PLCε from the cytosol to membranes. Ras promotes plasma membrane association of PLCε [71] while Rap promotes translocation of PLCε to perinuclear regions such as the Golgi apparatus [36] . Epidermal growth factor (EGF) also promotes translocation to plasma or Golgi membranes, dependent on Ras or Rap1 activation respectively [36, 71] . Together, these data suggest that translocation from cytosol to membrane may, in part, underlie the mechanism for activation of PLCε. However, membrane targeting is not the only factor driving activation. Directing overexpressed PLCε to the membrane by appending a membrane targeting CAAX sequence at the C terminus of PLCε leads increased activity relative to a nonmembrane targeted PLCε, but expression of Ras or stimulation with EGF further increases the activity of the CAAX modified PLCε [7] . These data indicate that while membrane targeting may be part of the activation mechanism, additional physical alterations of the enzyme at the membrane surface occur upon interaction with Ras or other activators.
Feed forward regulation of PLCε activity by Rap GEF
In addition to its PIP 2 hydrolytic activity, PLCε has a CDC25 homology domain suggesting a putative guanine nucleotide exchange factor (GEF) function (Fig. 1C) . There are conflicting reports concerning the activity of this domain in PLCε. One study suggested that PLCε may be a GEF for Ras, but the evidence is indirect [47] . In a separate study, Rap1A, but not Ras was a substrate for PLCε GEF in an in vitro assay with purified components [36] . Similarly, recombinant PLCε stimulated formation of RapGTP but not RasGTP in transfected COS-7 cells. In astrocytes from PLCε KO mice, hormonal activation of Rap was diminished while that of Ras was not [13] , as detailed below. The cell biological function of the CDC25 domain in PLCε has been investigated extensively by the Kataoka group. Expression of PLCε or the CDC25 domain led to activation of the Rap effector pathways B-Raf and ERK. Sustained, but not acute, EGF receptor-dependent activation of Rap was enhanced by PLCε but only if it contained an intact CDC25 domain. Similarly EGF and Rap-dependent translocation of PLCε to the Golgi apparatus were independent of the CDC25 domain at short times of stimulation but sustained Golgi association was shown to be CDC25 domain-dependent [36] . The model suggested by these data is that Rap localization at the Golgi drives PLCε to the Golgi where it has access to substrate. PLCε in turn activates Rap which serves to reinforce PLCε association with Golgi and maintain the signal at the membrane. Similarly, PLCε CDC25 activity is required for the sustained activation of PLCε activity in a stable cell line expressing the PDGF receptor [72] . These data reinforce the concept that activated Rap generated by the PLCε CDC25 domain feeds forward to PLCε by binding the RA2 domain to maintain PLC activation.
Further support for the idea that PLCε is a Rap GEF in a physiological setting comes from studies of Rap activation in primary cells or tissues isolated from PLCε knockout mice. In astrocytes isolated from PLCε knockout mice, thrombin-stimulated sustained Rap activation was significantly decreased compared to wild type mice, while thrombinstimulated Ras activation was unaffected by PLCε deletion [13] . Similarly in isolated mouse hearts, perfusion with isoproterenol (Iso) stimulated Rap activation in a manner that was completely lost in PLCε null mice [53] . The bioactive lysophospholipid S1P also activates Rap1 in the [19, 54] . B) Signaling downstream of PLCε. In red are components found to be involved in regulation of CICR in both cardiac myocytes and pancreatic β cells [19, 54] . An alternative pathway has also been proposed and is depicted in black and may operate in β cells as well [57] . isolated mouse heart and this effect is diminished in PLCε knockout mice (Xiang et al., in preparation). In astrocytes, PLCε knockout eliminates the sustained phase of ERK activation that can be rescued by re-expression of PLCε but not with re-expression of PLCε with a mutation that disables the GEF domain of PLC (ΔCDC25 PLCε) [13] . Finally, in cardiac myocytes isolated from PLCε knockout mice, isoproterenol regulation of cardiac calcium cycling is impaired, but can be rescued by expression of wildtype (wt) PLCε but not ΔCDC25 PLCε [53] . These data suggest that PLCε GEF activity is important for sustained Rap activity in maintaining calcium cycling. Since PLCε activity involved in the regulation of cardiac contraction (as discussed below) we propose that Rap also activation generates a feed-forward amplification signal that maintains sustained PLCε activity at specific sites in cardiac myocytes, such as at the sarcoplasmic reticulum. Rap activation may also serve to signal to other pathways such as observed for sustained ERK activation in isolated astrocytes [13] , and activation of PKD in isolated astrocytes (Dusaban, in preparation).
Role of PLCε in IP 3 and DAG formation
Given the multiple direct activators of PLCε it stands to reason that PLCε can be a central integrator of multiple upstream signals. As discussed above, PLCε can be activated by both GPCRs and receptor tyrosine kinases [24, 36, 44] . This raises the question as to the role of PLCε in generating signals relative to other PLCs such as PLCβ and PLCγ that are well established as major mediators of PIP 2 hydrolysis downstream of GPCRs and tyrosine kinase signaling, respectively [59] . Studies knocking down PLCε in cultured cells or genetically deleting PLCε in higher organisms such as mice have begun to shed light on this. In an initial study in Rat1 fibroblasts, siRNA knockdown of endogenous PLCε vs. PLCβ3 had different temporal effects on IP production downstream of receptor activation [42] . In general, knockdown of PLCβ3 significantly reduced short term IP generation (b3 min) whereas knockdown of PLCε did not significantly affect this response. Conversely, knockdown of PLCε significantly reduced longer term IP accumulation (3-60 min) in a manner that was unaffected by PLCβ3 knockdown. Although these effects were somewhat dependent on the receptor being tested, they are understandable if PLCε is responsible for sustained PIP 2 hydrolysis, consistent with the model discussed above whereby Rap1 activation by the PLCε-CDC25 domain can sustain PLCε activity. It is important to note that these assays of IP 3 production are indirect in that they measure levels of inositol-1P generated from the metabolism of inositol phosphates. The lifetime of IP 3 in receptor-stimulated assays where IP 3 is measured is generally very short with most of the IP 3 generated in the first minute after receptor stimulation and back to baseline within 1 or 2 min, although this can be receptor dependent. Thus during the sustained phase of IP production the level of IP 3 that accumulates is generally quite low. This suggests that a major function of PLCε is to control longer term processes requiring sustained phosphoinositide hydrolysis, but perhaps involving DAG rather than IP 3 as a major product.
An understanding of the contributions of PLCε signaling downstream from various receptors, relative to other PLC isoforms, has also arisen from studies of PLCε knockout mice. For example, IP production downstream of various receptors was examined in astrocytes isolated from PLCε +/+ and PLCε −/− mice [13] . These studies revealed a large percentage of the total IPs generated by S1P, thrombin or LPA were dependent on the presence of PLCε while IP generation stimulated by carbachol, which acts on the G q coupled muscarinic receptor, was unaffected. In the case of thrombin, longer term IP generation was significantly reduced in the PLCε knockout but in the case of carbachol, IP generation was not attenuated at any time in the PLCε knockout cells. In considering the receptors involved, and the possible G proteins they activate it is important to note that LPA, thrombin and S1P all activate GPCRs coupled to G q as well as G 12/13 and in some cases G i . In contrast, the muscarinic receptors in these cells are thought to couple purely to G q . In these studies, C3 exoenzyme and pertussis toxin were used to block
RhoA and Gi signaling respectively and indicate that PLCε activation by S1P and LPA was strongly dependent on G i while thrombin signals to PLCε through RhoA, likely in a G 12/13 -dependent manner. Thus each receptor uses a unique pathway to couple PLCε activation to IP production. Finally, it is noteworthy that in neonatal rat ventricular cardiac myocytes, inositol phosphate generation by the G q -coupled, hypertrophic receptors for ET-1 and norepinephrine were unaffected by PLCε knockdown, but hypertrophic responses to these agonists were ablated [90] . In contrast SIP, which does not produce cardiomyocyte hypertrophy, induced modest inositol phosphate production in these cells, through G 12/13 coupling to RhoA and is inhibited by PLCε knockdown (Xiang et al., in preparation). These findings suggest that distinct pools of phosphoinositides are under the control of PLCε with some required for the hypertrophic response and others serving other functions.
Physiological roles of PLCε revealed in PLCε deficient mice
While the data discussed above reveal detailed signaling mechanisms involved in PLCε regulation and cellular function, many of the physiological functions for PLCε have emerged from studies of PLCε knockout animals produced independently in two laboratories (known physiological functions are summarized in Table 3 ). The phenotypes of these two animals do not entirely overlap in part because the laboratories involved have taken their studies in different directions, but also because the nature of the knockouts are not identical. Tohru Kataoka's laboratory generated a mouse lacking a portion of the EF-hand and the catalytic domain (PLCε Δx/Δx ) [78] . As a result, a shortened version of PLCε is produced that is catalytically inactive with respect to PIP 2 . The knockout generated in our laboratory deleted the first common exon 6 in the PLCε gene resulting in complete loss of detectable PLCε protein [85] . Thus it might be expected that the phenotypes of these animals would differ significantly.
PLCε in cardiac function

Semilunar valve development
Interestingly both the PLCε Δx/Δx and PLCε −/− mice have cardiac defects but the nature of these defects is different. PLCε Δx/Δx mice have enlarged hearts resulting from ventricular dilation that occurs over the course of development that does not result from cardiac myocyte hypertrophy [78] . PLCε −/− mice do not have enlarged hearts but have an increased susceptibility to hypertrophy development in response to adrenergic stress [85] (this phenotype will be discussed in greater depth below). In the PLCε Δx/Δx mice, the ventricular dilation results from aberrant development of the aortic and pulmonary semilunar valves manifest as thickening and stiffening of the valves [78] . This increases valvular regurgitation resulting in chronic volume overload which is likely the cause of the ventricular dilation. The defects in valvulogenesis observed in these mice are reminiscent of the phenotype observed in mice with defects in HB-EGF or the EGF receptor. Since the EGF receptor could potentially signal to PLCε through the activation of Ras or Rap, the authors speculate that the phenotype is due to a defect in the ability of EGF to generate the appropriate signals from PLCε. Interestingly there is an increase in the levels of phospho-SMADs in the valves of the PLCε Δx/Δx mice and it has been suggested that SMADs play in important role in valve cell proliferation [62] . It is nonetheless unclear what PLCε-dependent signals would lead to alterations in SMAD regulation. Furthermore, the pathway that underlies potential EGF-dependent regulation of PLCε activation remains to be elucidated.
Cardiomyocyte hypertrophy
PLCε −/− mice do not develop spontaneous hypertrophy. However, when exposed to a chronic adrenergic stimulation resulting from chronic delivery of isoproterenol for one week, PLCε −/− mice develop significantly greater hypertrophy than PLCε +/+ mice [85] . In addition,
PLCε mRNA increases during aortic banding of the wt mice and is elevated in tissue samples from human heart failure patients. To investigate the specific cellular signaling mechanism by which PLCε regulates cardiac hypertrophy we studied neonatal rat ventricular myocytes (NRVMs) in which PLCε was knocked down using siRNA. Hypertrophic responses to many neurohumoral agonists can be observed in this model [66] [67] [68] , thus it was possible to examine stimulation of hypertrophy by a variety of agonists that signal through different pathways [90] . Surprisingly, all of the stimuli tested required the presence of PLCε to elicit a hypertrophic response. These stimuli included: 1) Iso, which acts through β adrenergic stimulation of Gs and cAMP, 2) endothelin-1 through ET receptors coupled to G q , G 12/13 and/or G i , 3) norepinephrine through α1-adrenergic receptors and G q , and 4) IGF-1, through tyrosine kinase linked signaling likely activating either Ras or Rap1. The exact mechanisms by which these ligands signal through or require PLCε has not yet been determined, but the ability of PLCε to mediate the hypertrophic response to such varied upstream regulatory molecules identifies PLCε as a nexus for responding to multiple upstream signals in cardiac cells. While the data regarding the role of PLCε in the hypertrophic response of NRVMs is clear, several important issues remain unresolved. As discussed above, PLCε −/− mice are more susceptible to hypertrophy, but in NRVMs the opposite result is seen i.e. PLCε deletion protects against hypertrophy. One potential explanation for this discrepancy is that the PLCε −/− mice have PLCε deleted globally during development, thus compensatory changes and global effects from other cell types can impact the in vivo phenotype. Alternatively, this could be explained by a difference between a cell biological model of hypertrophy based on NRVMs and a whole animal model examining the adult mouse. Resolving this issue will require a more sophisticated gene deletion strategy in which PLCε expression is deleted conditionally, after development and specifically in cardiac myocytes. A second issue concerns the role of Gα q in hypertrophic signaling. Gα q overexpression stimulates hypertrophy of NRVMs in vitro [2] and transgenic Gα q overexpression in the heart leads to development of hypertrophy and heart failure [14] . Mice with conditional cardiac myocyte specific deletion of both Gα q and Gα 11 do not develop hypertrophy in response to pressure overload (transverse aortic constriction or "banding") [87] . Thus, Gα q signaling is essential for the development of pathological forms of hypertrophy which transition to heart failure. G q regulates PLCβ and does not directly regulate PLCε. Furthermore, a splice variant of PLCβ1 was recently shown to be critical for hypertrophy downstream of Gα q in NRVMs [22] . Unpublished data from our own laboratory using PLCε siRNA in NRVMs shows that PLCε is essential for Gα q -dependent hypertrophy, as it is for responses to multiple agonists. A model that would reconcile these data would be that both PLCβ and PLCε are necessary for Gα q -dependent hypertrophy, with PLCβ being activated directly by Gα q , and PLCε being activated as an indirect consequence of Gα q signaling through an as yet unknown mechanism. Since these enzymes both have the same activities, there must be spatiotemporal differences in their function that allows each to provide signals required for the hypertrophic response.
Cardiac myocyte contraction
In addition to showing alterations in hypertrophic responsiveness, PLCε −/− mice showed defective ionotropic responses to β-adrenergic stimulation [85] . At baseline, PLCε −/− and PLCε +/+ mice had similar heart rates and did not differ in contractile function (dP/dT, a measure of the force of contraction). Isoproterenol (Iso)-induced changes in heart rate were no different in the two sets of animals but the Isodependent increase in contractile force (dP/dT) was significantly blunted in the PLCε knockout mice. To investigate the nature of this defect, adult ventricular myocytes (AVM) were isolated from PLCε -/− mice and analyzed for alterations in Iso-dependent increases in depolarization induced Ca 2 + -induced Ca 2 + release (CICR; note that the amplitude of CICR in cardiac myocytes determines in part the force of contraction by enhancing actin-myosin crossbridging). This analysis revealed that AVMs isolated from PLCε −/− mice had diminished Iso-dependent increases in CICR. Thus, PLCε in AVMS appears to play an important role to enable βAR-dependent regulation of cardiac CICR and contraction.
Since β-adrenergic regulation of cardiac contractility has been widely shown to be controlled by cAMP-dependent regulation of PKAmediated phosphorylation events [5] , a role for PLC activity in this process was unexpected.
To understand the molecular basis for this contractility defect in the hearts of PLCε knockout mice, and to understand the function of PLCε in the regulation of CICR, many questions concerning the signaling mechanisms upstream and downstream of PLCε needed to be clarified. First, previous work had not demonstrated β-adrenergic stimulation of IP production in cardiac myocytes, and since β adrenergic receptors are coupled to G s , a mechanism for PLC regulation by these receptors in the heart was not immediately clear. A clue came from studies of PLCε signaling in HEK293 cells showing that the cAMP-dependent Rap exchange factor Epac could activate PLCε through Rap2B activation [61] . Surprisingly, direct stimulation of AVMs with an Epac activator, 8-(4-chloro-phenylthio)-2′-O-methyladenosine-3′-5′-cyclic monophosphate (cpTOME), caused an increase in CICR that was completely absent in the PLCε knockout mice [54] . Responsiveness to cpTOME could be restored by adenoviral re-expression of PLCε in AVMs isolated from PLCε −/− mice, but not by re-expression of a catalytically dead PLCε. These data indicated that a pathway downstream of the β-adrenergic receptor involves cAMP-dependent activation of Epac which in turn, produces activated Rap which directly stimulates PLCε activity ( Fig. 2A) . Interestingly, expression of PLCε lacking a portion of the GEF domain did not rescue Epac-dependent regulation of CICR, suggesting that PLCε GEF activity is required for maintenance of Rap activation by Epac which is, in turn, required to sustain PLCε dependent regulation of CICR [53] . Under conditions of strong β-adrenergic receptor activation, the Epac/PLCε pathway appeared to account for about half of the increase in CICR induced by activation of the β-adrenergic receptor. As discussed below, the reason that IP production is not observed upon β-adrenergic receptor stimulation may be because PLCε activity is restricted to discreet regions, or that relatively low but sustained PI hydrolysis that occurs upon PLCε activation in myocytes is not readily detected in assays for IP production. A second question is how the products of PLCε activity regulate CICR and cardiac contraction. Prior to the above-mentioned studies, no mechanistic pathways for PLC regulation of CICR in the heart had yet been described. In cardiac myocytes the major determinants of CICR are the sarcolemmal L-type calcium channels and the type2 ryanodine receptors (RyR2) in the sarcoplasmic reticulum [5] . The classical effectors downstream of PLC activation are IP 3 receptors and PKC. IP 3 receptors are in very low abundance in the ventricular cardiac myocytes and are not thought to play a major role in ventricular CICR [17] . Treatment of AVMs with 2-APB, a blocker of IP 3 receptors, did not affect Iso or Epac-dependent CICR in these studies [53] . A PKC inhibitor, on the other hand, partially blocked Iso-dependent regulation of CICR and completely blocked Epac-dependent enhancement of CICR [53] . Iso and Epac also induced activation of a single PKC isoform, PKCε, and PKCε siRNA inhibited Epac-dependent increases in CICR. PKC activity had not been directly implicated in the regulation of cardiac Ca 2 + transients. However, a clue came from a study by Pereira et al. indicating that activation of Epac could stimulate CaMKII-dependent phosphorylation of RyR2 [56] . We determined that PKC inhibition also blocked Epac-dependent CaMKII-autophosphorylation and phosphorylation of downstream targets [53] . This data allowed us to more completely model a pathway in which the role for PLCε was in activation of PKC downstream of Iso stimulation and subsequent activation of CaM-KII and phosphorylation of RyR2 to regulate CICR [53] (Fig. 2B in red) . Loss of this mechanism likely underlies, at least in part, the decreased ability of Iso to stimulate cardiac contraction in PLCε −/− mice. A later study showed that Epac stimulation leads to an increase in the sensitivity of cardiac myofilaments to Ca 2 + [10] . This also appeared to require PKC and CaMKII activation, thus while not directly demonstrated, may also be mediated through activation of PLCε by Epac. An alternative view for the mechanisms of Epac-dependent regulation of RyR2 in cardiac myocytes has been proposed in another recent study [57] . In this study, a role for PLC in Epac-dependent regulation of RyR2 was proposed based on the use of the PLC inhibitor, U73122. However, treatment with a PKC inhibitor did not influence Ca 2 + release through RyR2 whereas the effect of Epac activation on Ca 2 + release from RyR2 was blocked by 2-APB. Since IP 3 receptors are localized to the nuclear envelope in ventricular cardiac myocytes the authors propose that Ca 2 + release through IP 3 receptors near the nucleus locally activates CaMKII which in turn phosphorylates RyR2 in the SR leading to enhanced Ca 2 + release ( Fig. 2B in black) . The complete lack of effect of a PKC inhibitor and full effect of an IP 3 receptor antagonist on these responses is difficult to reconcile with the study by Oestreich et al.
where PKC effects were rigorously demonstrated in mouse AVMs at multiple levels: a PKC inhibitor, measurements of Epac-dependent PKC activation, and isoform-specific PKCε siRNA. Also the IP 3 receptor antagonist 2-APB had no effect on Epac stimulated CICR in the Oestreich study. These issues remain to be addressed but could have something to do with differences in methodological approaches.
Scaffolding of PLCε in the heart
From data discussed in the previous two sections, PLCε seems to be involved in two independent processes in the cardiac myocyte. One concerns regulation of hypertrophy and hypertrophic gene expression through an as yet undefined mechanism and a second concerns regulation of cardiac contraction through PKC and CaM-KII. This raises the question of whether these processes are directly connected or independent processes. To begin to address this question we began to examine the subcellular scaffolding of PLCε in the heart [90] .
Immunoprecipitation experiments from heart tissue indicate that PLCε is in a complex with muscle specific A kinase anchoring protein (mAKAP) [90] where PLCε is part of a multiprotein complex assembled on mAKAP with PKA, adenylyl cyclase, PDE4D3, Epac and other proteins [16, 90] . Cotransfection and purified protein binding experiments indicate that the PLCε directly interacts with mAKAP [90] . Thus the upstream activator Epac and the target PLCε are scaffolded together in the same complex. Since mAKAP is highly localized to the perinuclear region of myocytes [55] this serves to scaffold PLCε as well the other proteins of the macromolecular complex to the nuclear membrane [41, 90] . Scaffolding of PLCε at the nucleus suggested a role for mAKAP-bound, nuclear scaffolded PLCε in regulation of hypertrophic gene expression and hypertrophy. To test for a role of PLCε/mAKAP scaffolding, the protein interaction surfaces between PLCε and mAKAP were mapped and small domains on either mAKAP or PLCε that could be used to disrupt PLCε/mAKAP binding were identified. Exogenous expression of these domains in NRVMs disrupted endogenous PLCε-mAKAP complexes and suppressed ET-1-dependent hypertrophy [90] . Thus it appears that PLCε scaffolded to mAKAP at the nucleus is important for regulation of the development of hypertrophy and heart failure. This scaffolding could also be important for the Epac-dependent regulation of nuclear Ca 2+ reported recently [57] .
In addition to scaffolding to mAKAP, PLCε is found in a complex with RyR2 in PLCε immunoprecipitates from heart extracts. In contrast to mAKAP, scaffolding of PLCε to RyR2 may be indirect since PLCε only binds weakly to RyR2 in cotransfected HEK293 cells (Malik, in preparation). mAKAP has previously been reported to scaffold to RyR2 and could possibly scaffold PLCε to RyR2 in the SR [50, 60] . Arguing against this scaffolding mechanism for PLCε binding to RyR2, however, is that the amount of RyR2 in mAKAP complexes isolated from heart is much lower than the amount of RyR2 isolated from PLCε complexes. These data indicate that there is a significant pool of PLCε associated with RyR2 that is not associated with mAKAP. In addition, coexpression of mAKAP with RyR2 and PLCε does not enhance interactions of PLCε with RyR2 suggesting that mAKAP binding to RyR2 does not mediate binding of PLCε to RyR2. Thus the proteinprotein interactions that drive PLCε binding to RyR2 are undefined, but it is reasonable to speculate that this scaffolding interaction is important for regulation of RyR2 function in the sarcoplasmic reticulum. Since RyR2 has been shown to scaffold multiple proteins including CaMKII and PKC, the scaffolding of PLCε to RyR2 would place many of the signaling partners in the correct place for regulation of RyR2 [50] .
Overall, scaffolding of PLCε to discrete locations in the cardiac myocyte appears to be critical for its ability to regulate distinct functions (see Fig. 3 ). Thus, scaffolding at RyR2 is likely to be involved in CICR, whereas scaffolding at mAKAP located on the nuclear envelope may regulate hypertrophic gene expression. Thus far, scaffolding interactions in native cells have only been examined for cardiomyocytes, but it is likely that in other cell types PLCε can also scaffold, through different binding partners, to distinct locations in various differentiated cell types. Relative to other PLC isoforms, protein expression of PLCε is quite low, so scaffolding to specific sites may be important to allow specific signals to generate IP 3 or DAG locally. In the case of SR Ca 2 + release, the critical PLC product appears to be DAG since PKC activation is required for the response [53] , although, as discussed earlier, one study debates this notion [57] . At the nucleus it is possible that either IP 3 or DAG or both are needed locally to drive hypertrophy. In this regard PIP 2 is thought to be localized primarily to the plasma membrane, while phosphatidylinositol 4-P (PI4P) is more broadly distributed in ER and Golgi [4] . Both PIP 2 and PI4P are substrates for PLCε in vitro [63] . Since the ER is continuous with the nuclear envelope, PI4P may be the available substrate for PLCε at the nuclear envelope. This would suggest that the relevant product of PLCε at the nuclear envelope would be DAG since IP 3 would not be produced from this reaction.
Role of PLCε in pancreatic β cell function
Glucagon-like peptide-1 (GLP-1), is a gastrointestinal "incretin" hormone that stimulates pancreatic β cell cAMP production. It lowers levels of blood glucose by stimulating the release of insulin from islet β cells. Thus, analogs of GLP-1 are now in use as novel blood glucoselowering agents for treatment of patients with type 2 diabetes mellitus (T2DM) to increase insulin release [45] . GLP-1 binds to its GPCR expressed on β cells [81] resulting in cAMP production and a PKAmediated potentiation of depolarization-induced CICR from endoplasmic reticulum Ca 2 + stores. Based on these findings, it was proposed that under conditions in which Ca 2 + influx is initiated by glucosedependent depolarization, PKA-mediated phosphorylation of intracellular Ca 2 + release channels results in a sensitization of these channels to the stimulatory action of Ca 2 + so that CICR is facilitated [18, 32] .
However, evidence for a PKA-independent action of GLP-1 to raise the [Ca 2 + ] i was found in a study of mouse β cells [6] . Subsequently, it was demonstrated that this action of GLP-1 was mediated by Epac2 [37] . Consistent with such findings, cpTOME was shown to promote CICR in human β cells [40] .
Given the role of PLCε in regulation of cAMP-dependent CICR in the heart, studies were then initiated to determine whether Epacdependent activation of PLCε might explain the PKA-independent action of GLP-1 to regulate CICR in β cells. In these studies, the GLP-1 receptor agonist Exendin-4 activated PKA and Epac2 while also facilitating CICR triggered by the uncaging of Ca 2 + [19] . The PKA-dependent action of Exendin-4 was antagonized by PKA inhibitor H-89, was mimicked by PKA activator 6-Bnz-cAMP-AM, and was still measurable in β cells of PLCε KO and Epac2 KO mice. In contrast, the Epac2-mediated action of Exendin-4 was resistant to H-89, was mimicked by cpTOME, and was absent in β cells of PLCε KO and Epac2 KO mice [19] . Furthermore, a rescue of CICR could be achieved after transduction of PLCε KO mouse β cells with wild-type PLCε, but not a catalytically dead PLCε [19] . The ability of cpTOME to facilitate CICR was abrogated in mouse β cells transduced with RapGAP, indicating that CICR was under the control of a signal transduction "module" comprised of Epac2, Rap, and PLCε ( Fig. 2A) . These findings are remarkable in view of the fact that Epac1, Rap, and PLCε regulate CICR downstream of cAMP in mouse cardiomyocytes [53, 54] . Just as remarkable is the finding that for both cell types, the ability of cpTOME to facilitate CICR was antagonized by inhibitors of PKC and CaMKII [19, 53] . However, the intracellular Ca 2 + release channel that mediates Epac2/PLCε-dependent CICR in β cells has not yet been clearly defined. As has been discussed, in mouse heart the Epac/PLCε/CaMKII pathway modulates CICR through RyR2. In human β cells, CICR facilitated by GLP-1 resulted, at least in part, from the gating of RyR2 [32] . Furthermore, CICR stimulated by cpTOME was blocked by ryanodine [12, 40] . However, in mouse β cells evidence exists that CICR is mediated not only by ryanodine receptors, but also by IP 3 receptors [18, 38] . Thus, for human β cells and perhaps mouse β cells we envision three possible scenarios to explain available data (Fig. 2B ): 1) PLCε directly modulates RyR2 in a PKC and CaMKII-dependent manner, analogous to what occurs in the cardiac myocyte, 2) PLCε indirectly modulates RyR2 by first activating IP 3 receptors, which then release Ca 2 + that serves as a stimulus for the gating of RyR2, or 3) some combination of both. Taken as a whole, such findings indicate the existence of an evolutionarily conserved mechanism of Ca 2 + mobilization in β cells and cardiomyocytes, one that utilizes Epac proteins and Rap GTPases to activate PLCε, and results in activation of PKC and CaMKII and their sequealae. PLCε is also important in the cAMP-dependent potentiation of glucose-stimulated insulin secretion (GSIS) from β cells [20] . GSIS from mouse β cells was potentiated by cpTOME, and this action of cpTOME was disrupted in β cells of PLCε KO mice. The defect in insulin secretion measured in the islets of PLCε KO mice was highly selective in that activators of PKA retained their abilities to potentiate GSIS. For β cells of wild-type mice, the insulin secretagogue action of cpTOME was associated with its ability to facilitate CICR, and was disrupted in β cells of PLCε KO mice [19] . Since CICR in β cells is known to be positively coupled to Ca 2 + -dependent exocytosis of insulin [38, 39] , these data together indicate that Epac2-mediated activation of PLCε regulates CICR in a PKA-independent manner to potentiate GSIS.
Based on these findings concerning β cells, we propose that the above-described signaling mechanism is of importance to the treatment of type 2 diabetes. β cells act as blood glucose sensors which match a rise of blood glucose concentration to an appropriate rate of β cell insulin secretion. Secreted insulin then acts at insulin-responsive tissues to stimulate glucose uptake, thereby lowering levels of blood glucose [64] . The ability of β cells to act as blood glucose sensors derives from the fact that an increase of blood glucose concentration leads to accelerated glucose metabolism within β cells. This glucose metabolism generates an increase of cytosolic ATP/ADP concentration ratio, and this metabolic signal is responsible for the closure of ATP-sensitive K + channels with concomitant β cell depolarization. Ensuing influx of Ca 2 + through voltage-dependent Ca 2 + channels produces an increase of [Ca 2 + ] i that initiates exocytosis of insulin stored within the secretory vesicles [28] . In T2DM the blood glucose concentration is chronically elevated due to the inability of β cells to secrete sufficient quantities of insulin. This pathology is due, at least in part, to the failure of β cell glucose metabolism to generate an increase of [Ca animals. In the absence of an initiating DMBA stimulus, TPA also induced epidermal proliferation which was significantly reduced in PLCε Δx/Δx animals.
To understand the mechanisms for PLCε dependent regulation of tumor initiation and growth, epidermal keratinocytes and dermal fibroblasts were isolated from PLCε Δx/Δx and PLCε +/+ mice and tested for alteration in cell growth in response to growth factors in an organotypic cell culture system [35] . PLCε is expressed both in the fibroblasts and in keratinocytes but is much more abundant in the fibroblasts. This suggested a possible direct role for PLCε in the proliferation of these cells, but in contrast to the intact animal, no differences in growth were observed in the fibroblasts nor in the keratinocytes isolated from the wt vs. KO PLCε genotypes nor were differences in proliferative signals observed in response to TPA. This led to the hypothesis that PLCε was influencing dermal proliferation indirectly. It was noted that there was a reduction in skin inflammation in the skin of PLCε Δx/Δx mice exposed TPA treatment, suggesting that PLCε might indirectly promote tumor formation by locally regulating inflammation. In fact, it was shown that fibroblasts isolated from PLCε Δx/Δx mice had reduced production of several proinflammatory cytokines. In addition, fewer inflammatory leukocytes were recruited to the skin in response to TPA in the PLCε Δx/Δx mice. These findings support the hypothesis that PLCε can regulate inflammatory responses, and led to the proposal that it was the proinflammatory actions of PLCε in fibroblasts that contribute to tumor growth in this model. To test the notion that the role of PLCε in tumor cell proliferation in general might be due to regulation of the local extracellular environment, the Katoaka group examined another cancer model in which inflammation has been shown to play a major role. Apc Min/+ mice lacking one copy of the andenomatous polyposis coli (Apc) gene are a well established model for intestinal tumorigenesis where inflammatory processes play an important role in tumorigenesis and cancer progression. Spontaneous intestinal tumor formation was significantly suppressed in Apc Min/+ mice bred into a PLCε Δx/Δx background [1, 46] . Additionally the conversion of low grade tumors into high grade adenocarcinomas was dramatically reduced by loss of PLCε activity. That two different stages of tumor development were influenced by PLCε suggested PLCε involvement in two distinct mechanisms. The development of low grade tumors is strongly dependent on angiogenesis, and VEGF production was shown to be significantly reduced in tumors isolated from PLCε Δx/Δx animals. The second stage is thought to be strongly dependent on inflammation, and COX2 expression was significantly reduced in PLCε Δx/Δx mice. Thus, for this model of intestinal tumorigenesis, PLCε regulates the expression of factors that regulate different stages of tumor progression and does so via distinct mechanisms, one involving angiogenesis and a second involving the production of inflammatory mediators. That both skin and intestinal cancer can be regulated in an inflammatory mediator-dependent manner through PLCε supports the idea that PLCε may regulate cancer progression for tumors that are modulated by inflammatory status. Recently, genome wide association (GWAS) studies have implicated PLCε in esophageal squamous cell carcinoma and gastric adenocarcinoma [1, 86] , conditions that may also depend on chronic inflammation, although whether the PLCε polymorphisms identified in this study may influence PLCε activity is unresolved. The data described above suggest that PLCε may play a general role as a proinflammatory mediator in multiple tissues through actions that do not directly involve effects of PLCε actions in inflammatory leukocytes. Follow up analyses have implicated PLCε in allergic contact hypersensitivity, and over expression of PLCε in the skin tissue of mice causes spontaneous skin inflammation [33] . Thus, the major role for PLCε in inflammation appears to be in regulating the production of proinflammatory mediators. The molecular mechanism(s) underlying the regulation of the production of proinflammatory mediators by PLCε remains uncertain. In the case of TPAdependent skin hyperplasia, one proposed mechanism is through the regulation of two DAG dependent targets, Ras-GRP3 and PKC. RasGRP3 is a Rap1 GEF that is directly activated by DAG and TPA, and it is also dependent on PKC phosphorylation for activation [35] . Thus, TPA could stimulate PLCε activity in dermal fibroblasts through the production of activated Rap1 that can directly bind and regulate PLCε. Downstream of PLCε, one recent study in cell culture suggests that PLCε may cooperate with NfκB to modulate expression of certain cytokines [25] . Additionally, our recent work using astrocytes as a model of inflammatory cells in the brain demonstrates that GPCR agonists such as thrombin, LPA and SIP require PLCε to regulate NFκB and cyclooxygenase expression (Dusaban, in preparation).
PLC epsilon is not the only PLC isoform that has been linked to inflammation. In immune cells, PLCγ 2 signals downstream of various tyrosine kinase-linked receptors to initiate pro-inflammatory responses [23, 84] . PLCβ isoforms are involved in the innate immune response downstream of chemotactic peptide signaling, which is involved in the signaling cascades within leukocytes that direct immune cell migration and secretion of inflammatory factors [89] . PLCδ on the other hand, suppresses production of inflammatory cytokine production in keratinocytes, thereby suppressing activation and recruitment of immune cells [34] . These different enzymes elicit diverse reactions likely due, in part, to their expression in different cell types. In cells such as keratinocytes, both PLCε and PLCδ are expressed and they appear to perform opposing functions. The ability of Ras subfamily small G-proteins to regulate PLCε is unique, however, as is the aforementioned spatial and temporal activation of this PLC isoform, thus it is likely that PLCε serves to regulate the expression of inflammatory genes in ways that other PLC isoforms do not.
Roles for PLCε in human disease
PLCε in the kidney
In a recent search for genes involved in childhood nephrotic syndrome, PLCε mutations were identified as autosomal recessive determinants of this disease [31] . These mutations included missense mutations that resulted in truncation of the PLCε protein, or in single site polymorphisms. The disease course correlated with the severity of the PLCε mutation. Patients with homozygous truncation mutations had an earlier onset of proteinurea and earlier development of end-stage kidney disease than did patients with single amino acid substitutions in the gene.
PLCε is highly expressed in glomerular podocytes [31] . Podocytes are epithelial cells with foot-like processes that form connections through various adhesion proteins which form a key part of the glomerular filtration barrier. This barrier functions in the glomerulus to allow the relatively free flow of liquid and aqueous solutes while retaining plasma proteins such as albumin to maintain blood protein levels. Various genetically inherited nephropathies result from inherited mutations in the proteins that form or maintain this filtration barrier, resulting in disruption of podocyte connections and leakage of proteins into the urine (proteinurea) [48] . The signaling role of PLCε in podocytes in the normal physiology of podocytes and in glomerular kidney disease is not understood. An intriguing possibility is that PLCε is involved in the regulation of a DAG sensitive Trp channel (TrpC6). TrpC6 plays an important role in regulating Ca 2 + signaling in the podocyte, and mutations in TrpC6 are associated with glomerular kidney disease [15] . A connection between PLCε activity and TrpC6 function has not yet been supported by direct data. Some proteinprotein interactions between PLCε and podocyte proteins such as IQGAP and B-Raf have been reported [11] , but whether these interactions are involved in the ability of PLCε to regulate podocyte development or function remains unresolved. Patients with PLCε mutations have impaired glomerular development, thus it has been suggested that PLCε signaling may be involved in glomerular development [31] . However, PLCε deletion in mice does not lead to increased proteinurea nor does it appear to affect glomerular development, a finding that seemingly rules out a direct role of PLCε signaling in podocyte or glomerular development (unpublished observations). On the other hand, PLCε deletion in zebrafish leads to a defect in glomerular filtration function and development of a disorganized filtration barrier characteristic of kidney disease [31] . It is likely that genetic background or environmental factors influence the ability of PLCε dysfunction to produce a glomerular phenotype.
PLCε in esophageal cancer and gastric adenocarcinoma
Recent studies using genomic based approaches have identified an association of the PLCε gene with various human cancers. Two separate genome-wide association (GWAS) studies identified PLCE1 single nucleotide polymorphisms (SNPs) associated with esophageal squamous cell carcinoma (ESCC) [1, 86] . These studies analyzed DNA SNPs from over 1000 patients with ESCC and compared them with DNA isolated from control individuals. Both studies identified polymorphisms in either the coding or non coding regions of the PLCE1 gene, and demonstrated that these polymorphisms were associated with ESCC. One of these studies found that the same PLCE1 SNPs associated with ESCC were also associated with gastric adenocarcinoma [1] . Two polymorphisms resulted in single amino acid substitutions in the PLCε coding sequence, while three other SNPs were silent in terms of the protein sequence. One substitution independently identified by both groups was R1927H which is located in the C2 domain, and the other was I177T which is in the Y domain portion of the catalytic domain (see Fig. 1 ). Whether these or the other non-coding alterations associated with the PLCE1 SNPs alter PLCE1 function or expression is unknown. Accordingly, while these SNPs are associated with the disease, it is unclear whether alterations in PLCε function or expression are causal or merely correlated with the ESCC or gastric adenocarcinoma.
Conclusion and outlook
One of the surprising results of these summarized studies is the dramatic impact of PLCε on cellular physiology despite the fact that it is a relatively low abundance protein expressed in the context of multiple other more abundant PLC isoforms in the same cell. This underscores an overall recognition that the functional importance of a protein in cellular physiology does not necessarily correlate with abundance. Of additional interest is the fact that PLCε activation occurs in response to the activation of GPCRs that have been traditionally thought to be coupled to inositol phosphate production via Gq and PLCβ . This is manifest in the role of PLCε in more sustained signals emanating from multiple receptors. Another critical point is the apparent localization of PLCε to internal membrane structures, such as ER, Golgi and perinuclear membranes that are not thought to be rich in PIP 2 , but rather are enriched in PI4P; As discussed above, hydrolysis of PI4P will generate DAG but not IP 3 again suggesting a role in sustained processes perhaps involving DAG rather than IP 3 . Signals involving DAG formation and activation of downstream kinases such as PKC and PKD may be sustained and compartmentalized in this way. A final theme that emerges from these studies is that intracellular scaffolding can specify cellular function. This is not a new concept overall, but the demonstration that PLC scaffolding has a significant impact on physiological functions is novel.
Several of the physiological functions discussed above indicate that PLCε may be a therapeutic target. In hypertrophy PLCε appears to be a central player that integrates signals from multiple stimuli. In this case inhibition of PLCε function could be a strategy for treatment of heart failure. Similarly, inhibition of PLCε could prevent inflammatory reactions associated with tumor development in some cancers or in other diseases in which inflammation plays a major role. Disrupting PLCε scaffolding in the cardiac myocyte inhibits development of hypertrophy and could also be a useful strategy to inhibit development of heart failure in particular since the mAKAP scaffolding is likely to be unique to myocytes. In pancreatic β-cells increasing, rather than interfering with PLCε function has the potential to increase insulin secretion in response to natural changes in the levels of incretin hormones such as GLP1 and thus could be an approach to treatment of Type 2 diabetes.
It is likely that PLCε plays important roles in other physiologies that have yet to be investigated. PLCε is highly enriched in the lung suggesting that PLC signaling plays a role in asthma through mediating contraction of bronchial smooth muscle. PLCε signaling may be associated with Epac in many cell types and could be a general regulator of CICR in response to cyclic AMP in multiple excitable cells. Answering these questions will require more detailed phenotype analysis of PLCε −/− mice. Thus, while the general basis for receptor stimulated phosphoinositide hydrolysis is well established some unexpected roles for PLC isoform specific phosphoinositide signaling networks in specific physiological functions continue to emerge. Studies with PLCε knockout animals have been invaluable in revealing specific phenotypes and coupled with detailed tissue, cell and biochemical analysis, novel detailed physiological signaling mechanisms will be revealed.
